ABSTRACT Ammonia (NH 3 ) is a potential health hazard to both humans and animals, causing local and systemic low-grade inflammation based on its levels and exposure durations. The objective of this study was to examine the effects of 45 wk of exposure to 30 ppm NH 3 on the concentrations of acute-phase proteins, immunoglobulins, and cytokines in laying hens. At 18 wk of age, a group of Hy-Line W-36 hens was randomly assigned to 4-hen cages. These cages were evenly divided between 2 environmentally controlled chambers. At 25 wk of age, one chamber was maintained continuously with fresh air (NH 3 < 5 ppm; control group) and the other one was injected with NH 3 and controlled at 30 ppm (NH 3 group) for 45 wk. At 70 wk of age, blood and spleen samples (n = 8 per treatment) were collected for analyses of immunological parameters. No significant differences were observed in plasma levels of albumin, complement components (C)-3 and C-4, immunoglobulin (Ig)M, IgA and IgG, interleukin (IL)-6, IL-10, or interferon gamma in the NH 3 group compared to control group. Compared to control hens, NH 3 exposed hens had higher plasma levels of α-1-acid glycoprotein (24%) and tumor necrosis factor alpha (54%) and higher mRNA expression of IL-1β (47%) and IL-6 (62.5%) in the spleen. These results indicated that hens may have the capability to adapt to chronic effects of moderate levels of NH 3 . Future studies should explore acute effects of NH 3 at higher levels on hen health and welfare.
INTRODUCTION
Air quality inside poultry production facilities, as a potential health hazard to humans and chickens, has been a major concern for decades. In general, the levels of ammonia (NH 3 ) as well as total suspended particulates, particulate matter (PM) such as PM 10 and PM 2.5, odor, sulfurated hydrogen, and carbon dioxide are the main pollutants affecting human and chicken health and well-being (Ritz et al., 2006; Almuhanna et al., 2011; Wei et al., 2014) .
Ammonia, as a harmful and irritant gas, has deleterious effects on the respiratory tract (e.g., asthma and chronic bronchitis) and eyes (such as conjunctivitis and calcific band keratopathy) as well as sinus and skin (e.g., irritation) in humans and animals (Tasistro et al., 2007; Rollins and Barnes, 2010; Kearney et al., 2014; Nemer et al., 2015) . Ammonia level greater than 0.7 ppm, for example, has a pungent, acrid odor, while concentrations between 50 and 150 ppm lead to severe coughing and mucus secretion in humans (Leduc et al., 1992; Rollins and Barnes, 2010) . For human safety, maximum level of NH 3 inside a poultry facility has been set at 25 ppm (NIOSH, 2016 ) or 50 ppm (OSHA, 2012 for a period of 8 h exposure.
The ideal levels of NH 3 for laying flocks are less than 10 ppm and not exceed 25 ppm (UEP, 2016) . Previous studies showed that NH 3 levels exceeding 25 ppm inside a facility have adverse effects on chicken health and production performance, such as decreases of body weight gain, feed intake, and feed conversion rate and increase in mortality (Reece et al., 1981; Beker et al., 2004; Miles et al., 2004 Miles et al., , 2006 . Keratoconjunctivitis and respiratory tract damage are significantly increased by NH 3 exposure at 25 ppm in chickens (Anderson et al., 1966) and turkeys (Nagaraja et al., 1983) . In addition, NH 3 -caused respiratory irritation increases susceptibility to infectious diseases . also reported significant differences in chickens' behaviors (e.g., foraging, preening, and resting) when NH 3 levels were between 0 and 25 ppm.
Most studies investigating the effects of NH 3 on the immune system were conducted in aquatic animals, such as Penaeus japonicas (Jiang et al., 2004) , Eriocheir sinensis (Hong et al., 2007) , and Crustacea (Le Moullac and Haffner, 2000) . Similar to poultry, NH 3 accumulating in ponds is a critical environmental factor that impairs aquatic animal health. For example, NH 3 exposure reduces immune vigor in Crustacea, indicated by decreased hemocyte counts, activated prophenoloxidase, and increased synthesis of free oxygen radicals (Le Moullac and Haffner, 2000) . In poultry, controversial results of immune responses have been reported due to different NH 3 levels and durations examined. Caveny et al. (1981) reported that day-old Indian River broiler cockerels exposed to NH 3 at 0, 25 or 50 ppm for 49 d did not show effects on the relative weight of their bursa of Fabricius. However, Wang et al. (2010) reported that day-old Arbor Acres broiler chickens (half males and half females) exposed to 26 or 52 ppm but not 13 ppm NH 3 for 21 d decreased Newcastle Virus hemagglutination inhibition antibody titers. These results indicate that excessive NH 3 exposure impairs immunological response of broiler chickens, but the results may depend on animal gender and age as well as NH 3 level and duration.
Previous studies have evidenced that NH 3 levels inside poultry facilities are affected by multiple factors, such as housing system, litter type, climate temperature, humidity, ventilation, manure management, and bird activity, group size, and density (Tasistro et al., 2007; Zhao et al., 2015) . A study conducted in Swedish reported that most of the 18 randomly selected layer flocks had NH 3 levels exceeded 25 ppm, while NH 3 levels in some houses even went up to 80 ppm (David et al., 2015) . Another study showed chickens are often exposed to an atmosphere with NH 3 levels exceeding 50 ppm (Quarles and Caveny, 1979) , and NH 3 concentration can be as high as 100 ppm during winter months (David et al., 2015) .
Various biomarkers have been used as indicators for evaluating immune response in humans and various animals including chickens. Albumin (ALB), one of the major serum proteins, has been widely used as an indicator of liver function (Friedman et al., 1979) . As a typical acute-phase protein, α-1-acid glycoprotein (AGP) is a critical element in response to inflammation (O'Reilly and Eckersall, 2014) . Both complement components 3 (C3) and 4 (C4) play important roles in enhancing the ability of antibodies and phagocytic cells to eliminate both pathogens and pathogendamaged cells (Kuroda et al., 2000; Guéguinou et al., 2014) . Immunoglobulins (Ig) IgM, IgG and IgA are 3 major classical immunoglobulins secreted by immune B-cells (Gomes et al., 2014) . Under a normal conditions, these antibodies provide protection for the host against non-self antigens (Mestecky et al., 1999; Suzuki et al., 2007) . In chickens, similar to mammals, NH 3 -induced inflammation results in synthesizing and releasing various cytokines, named a 'cytotoxic soup', which plays important roles in regulating both humoral and cell-mediated immune responses (Osborne and Abraham, 2010) . Interleukin (IL)-1β, IL-6, interferon gamma (IFN-γ), and tumor necrosis factor alpha (TNF-α) are potent pro-inflammatory and immunomodulatory cytokines (Boehm et al., 1997; Al-Sadi and Ma, 2007; Tanaka and Kishimoto, 2012; Ghareeb et al., 2013) . IL-10 has been recognized as a tolerogenic and anti-inflammatory cytokine that blocks the production of pro-inflammatory cytokines and inhibits antigen presentation (Sabat et al., 2010) , suppressing harmful immune responses (Pestka et al., 2004) .
Immune depression in laying hens was determined in our lab after 25 wk, an intermediate duration of exposure, at 30 ppm NH 3 (unpublished data), indicated by the reduced levels of both plasma IgM and C4. The objective of this study was to determine the effects of chronic exposure to 30 ppm NH 3 for 45 wk on the reactions of acute-phase proteins and immune parameters in laying hens.
MATERIALS AND METHODS

Hens and Management
The study was conducted in Champaign, Illinois. All hens used in this experiment were housed and cared for under the protocol approved by the Animal Care and Use Committee of University of Illinois (IACUC#: 14161).
At 18 wk of age, Hy-Line W-36 hens were randomly assigned to 4-hen cages, 82 in 2 floor space per hen, and evenly distributed between 2 environmentally controlled chambers. At 25 wk of age, one chamber was maintained continuously with fresh air (<5 ppm NH 3. CON group) and the other one was injected with NH 3 and maintained at 30 ppm (NH 3 group) for 45 wk. Feed and water were provided with free access; and the lighting schedule was gradually stepped down to 16 L: 8 D, which was achieved at 30 wk of age. The manure was removed from the chambers every 3 d to reduce ammonia volatilization.
Physiological Sampling
At 70 wk of age, the sampled hens (n = 8 per treatment) were sedated by using sodium pentobarbital through brachial vein (30 mg/kg of BW); and then a 5-mL blood sample per hen was collected into an ice-cooled ethylene-diamine-tetra-acetic-acid (EDTA) tube via cardiac puncture within 2 min. Plasma was collected by centrifuging the blood at 700 × g for 15 min at 4
• C (Sorvall BC 3B Plus, Thermo Fisher Scientific, Waltham, MA), and then stored at -80
• C until further analysis.
Following blood collection, hens were euthanized immediately by cervical dislocation. An approximate 1 cm 3 of sample was collected from the same location Note: IL-1β, interleukin 1 beta; IL-6, interleukin 6; TNF-α, tumor necrosis factor alpha; F: forward primer; R: reverse primer; P: probe.
of the spleen among the sampled hens and immediately placed on dry ice, then transferred to -80
• C until further analysis. IgA (Cat # E33-103) were measured in duplicate using commercially available chicken-specific ELISA kits by following the instructions provided by the respective companies (MyBioSource, Inc. CA; Bethyl Labs, Montgomery, TX). Plasma samples were diluted for the measurements of all 3 immunoglobulins according to the protocols; while the rest of the parameters were detected without dilution (Strong et al., 2015) .
Quantitative Analysis of Blood Parameters
Gene Expression
Spleen mRNA expression of IL-1β, IL-6 and TNF-α were detected by RT-PCR (Table 1) . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a house keeping gene. Briefly, a reaction solution was created by mixed 12.5 μL of universal master mix; 2.25 μL of each of optimum concentrations of primers; 1.625 μL of optimum concentration of probe; 2.5 μL of cDNA sample; and 3.875 μL of water. A 25 μL of the reaction solution per well was added to a 96-well PCR plate. The reaction conditions were as follows: 50
• C for 2 min, 95
• C for 10 min, 40 cycles at 95
• C for 15 s, at 60
• C for 1 min. To assure accuracy and consistency, all samples were measured in duplicates and the standards were measured in triplicates (Strong et al., 2015) .
Statistical Analyses
Data from the randomized design were subjected to an ANOVA using MIXED model of SAS 9.3 software (SAS Institute Inc., Cary, NC). The NH 3 treatment was a fixed effect, and cage was used as experiment unit. If data lacked homogenous variances, transformation was Figure 1 . Plasma levels of acute-phase proteins and complement component 3 and 4 in hens exposed to 30 ppm ammonia for 45 wk. There were not statistically significant differences in the levels of ALB, albumin; AGP, α-1-Acid glycoprotein; C3, complement components 3; and C4, complement components 4 between NH 3 challenged hens and controls. Note: There was 24.7% increase in AGP levels in NH 3 challenged hens.
made and the data were reanalyzed. Because statistical trends were similar for both transformed and untransformed data, the untransformed results are presented. Physiological measurements were tested in duplicates with CV ≤ 10%. Tukey-Kramer was used to partition differences among means. Significant statistical differences were reported when P < 0.05. The least square means and SEM are presented.
RESULTS AND DISCUSSION
Plasma Acute-phase Protein and Complement Components
Plasma ALB level was not affected by the NH 3 exposure (Figure 1 ; P = 0.167), which was partly in agreement with the results reported previously (Wei et al., 2015) . In that study, broiler chickens exposed to 70 mg/kg NH 3 for 21 d had lower ALB levels than those exposed to 30 mg/kg NH 3 regardless of humidity (relative humidity 35, 60 and 85%) (Wei et al., 2015) . This result indicated that NH 3 had a dose-depended effect on plasma concentrations of ALB, resulting from NH 3 -impaired functions of hepatocytes, such as protein synthesis and metabolism as well as amino acid transport (Faixova et al., 2007 ). In the current study, the similar plasma levels of ALB between NH 3 exposed hens and control hens may be due to the capability of hens to adapt to the long-term stimulation of NH 3 , 45 wk, resulting in a relative stability of the protein metabolic system (Senanayake et al., 2015) or the NH 3 level, 30 ppm, was too low to stimulate an reaction of plasma ALB.
Plasma AGP concentration was increased by 24.7% in the NH 3 group in comparison with control group (Figure 1 ; P > 0.05). The functions of AGP include inhibition of phagocytosis, neutrophil degranulation, respiratory burst, chemotaxis, and monocyte apoptosis (Ceciliani et al., 2007; Miranda-Ribera et al., 2010; Lecchi et al., 2013) . Monitoring AGP level has been used as a useful indicator regarding health and welfare in poultry, including laying hens (Salamano et al., 2010) . Previous studies showed that liver AGP mRNA expression was increased 3-fold in turkeys after 2-h transportation (Marques et al., 2016) . In addition, organic broilers had higher blood levels of AGP than that of conventionally housed broilers, due to increased risk for inflammation and infection in organic broilers (Tuyttens et al., 2008 ). In the current study, the increased AGP concentration in NH 3 group may indicate that NH 3 had some effects on hens' protein metabolism but the lack of significant difference may relate to the hens had developed tolerance to the stimulation.
In the current study, plasma C3 and C4 levels were not affected in hens exposed to NH 3 (Figure 1 ; P > 0.05, respectively). As a component of non-specific immunity, the complement system serves a critical role in preventing infections, neoplastic transformation and autoimmune diseases as well as restoring injured tissue following stress (Collard et al., 2000; Dugum et al., 2014) . C3 and C4, the 2 major functional factors, are capable to covalent tagging of the foreign molecules, resulting in phagocytosis of phagocytes through binding to the complement receptors and or cytolysis by consequently activating late components of the complement system (Dodds and Alex Law, 1998) . The relative stability of C3 and C4 levels in this study may be caused by the relative low level of NH 3 and/or the hens may have developed tolerance to the chronic environmental stressor.
Plasma Immunoglobulin Concentrations
NH 3 exposure in the current study caused a decrease in plasma levels of IgM (12.7%) but increases in IgG (19.8%) and IgA (27.7%) compared with the CON group (Figure 2 ), but these differences did not reach statistically significant (P > 0.05, respectively). Similar to the current findings, no significant changes of IgG, IgA, and IgM levels were observed in hens expose to NH 3 at 13 and 26 ppm but not 52 ppm compared to controls (Wang et al., 2010) . These immune parameters were significantly reduced in hens exposed to 52 ppm NH 3. In contrast, results from previous studies showed that multiple stressors are able to elevate the immunoglobulin levels: overcrowding-increased plasma IgA and IgM levels in broiler chickens, resulting from increased immunoglobulin levels in intestinal mucosa (Gomes et al., 2014) ; increased plasma levels of IgM and IgG were also observed in chickens heat stressed for 5 d (38 ± 1
• C from d 2 to 6) (Honda et al., 2015) ; Newcastle disease vaccine caused high IgG levels in the cecal tonsils, trachea, and Harderian gland of broiler chickens (Nasrin et al., 2013) . The current and previous results indicate that changes of type of immunoglobulins (IgA, IgG, or IgM) and their levels (increase, decrease or no change) are likely dependent on type of stress and its intensity and duration, the species of animals and their age and health stage.
Inflammatory Cytokines Levels in Plasma and mRNA Expression in the Spleen
IL-1β, IL-6, and TNF-α are the most typical cytokines that naturally serve multiple biologic roles involved in the regulation of the immune response, inflammation and hematopoiesis (Cordingley et al., 1988; McGee et al., 1995) . Compared with CON group, plasma IL-6, IL-10, and IFN-γ levels were not significantly affected by the NH 3 challenge (P > 0.05, respectively). But, NH 3 exposure increased plasma TNF-α level by nearly 54% compared with the CON group (Figure 3) . Similar to the current findings, previous study showed that NH 3 significantly increased the cytokine levels of IL-1β (35%), IL-6 (35%), TNF-α (50%) in the culture medium of C6 astroglial cells (Santos . Wei et al. (2015) reported that a high level of NH 3 (70 ppm) increased the expression of the IL-1β in broiler chickens compared with a relatively lower level of NH 3 (30 ppm).
NH 3 exposure increased levels of IL-1β (47%) and IL-6 (62.5%) mRNA expression in the spleen of exposed hens compared to control hens ( Figure 4) ; however, these changes did not reach statistically significant (P > 0.05, respectively). Timmer et al. (2005) indicated that a longer period of exposure to a low concentration of NH 3 is not believed to cause long-term health problems (Timmer et al., 2005) . Similar to the findings in humans, the naturally produced NH 3 does not accumulate inside the chicken body due to the nucleic acid and protein metabolic systems, and the produced NH 3 can be excreted from the body in the form of ammonium salts and urea in urine (Timmer et al., 2005) . No treatment differences in cytokine levels between NH 3 group and CON group in current study may be due to the relatively low NH 3 level (30 ppm) and limited sample size.
Results from a parallel study (unpublished) indicated an immune depression with significantly reduced the levels of IgM and C4 in laying hens exposed to 30 ppm NH 3 for 25 wk. Compared to previous results, the current results without statistically significant changes of measured immune parameters and cytokines in laying hens exposed to 30 ppm NH 3 for 45 wk suggest that hens may have the capability to adapt to the moderate level of chronic NH 3 stimulation. Similarly, Phillips et al. (2010) reported that exposure to NH 3 at 23 and 34 mg/m 3 induced inflammatory responses in steers (2010) and sheep Phillips et al., (2012) held for 12 d; and the reactions had returned to normal or the levels of sheep exposed to 4 mg/m 3 for 28 d. In summary, there were no significant changes of immunological biomarkers in hens exposed to 30 ppm NH 3 for 45 wk. However, numerically, the increased plasma levels of AGP and TNF-α and spleen levels of IL-1β and IL-6 mRNA expression may indicate the inflammatory reactions caused by NH 3 exposure. Further studies are needed to evaluate the effects of different levels of NH 3 at various durations on health status and welfare of laying hens.
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